The chemical compositions of seven Carbon-Enhanced Metal-Poor (CEMP) turnoff stars are determined from high-resolution spectroscopy. Five of them are selected from the SDSS/SEGUE sample of metal-poor stars. Another star, also chosen from the SDSS/SEGUE sample, has only a weak upper limit on its carbon abundance obtained from the high-resolution spectrum. The effective temperatures of these objects are all higher than 6000 K, while their metallicities, parametrized by [Fe/H], are all below −2; the star with the lowest iron abundance in this study has [Fe/H] = −3.1. Six of our program objects exhibit high abundance ratios of barium ([Ba/H] > +1), suggesting large contributions of the products of former AGB companions via mass transfer across binary systems. One star in our study (SDSS 1707+58) exhibits a rapid variation in its radial velocity, which is a strong signature that this star belongs to a close binary. Combining our results with previous studies provides a total of 20 CEMP main-sequence 1 Based on data collected at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
Introduction
Abundance studies of very metal-poor (VMP; [Fe/H] < −2.0) 1 stars have been pursued over the past few decades in order to constrain models of nucleosynthesis, stellar evolution, and early chemical enrichment in the Galaxy (e.g., Beers & Christlieb 2005) . One important result of these studies is the discovery of Carbon Enhanced Metal-Poor (CEMP) stars, which appear with increasing frequency at lower metallicity (Beers et al. 1992; Beers & Christlieb 2005; Lucatello et al. 2006; Marsteller 2007) . These stars may be closely related to carbon stars in the Galactic halo, known as CH stars (Keenan 1942) and subgiant CH stars (Bond 1974) .
Recent chemical abundance studies for CEMP stars have revealed that most (70-80%) CEMP stars also exhibit excesses of s-process elements such as Ba (the CEMP-s stars, according to Beers & Christlieb 2005) , indicating that the origin of the carbon excesses in these stars is likely to be the triple-α reaction in Asymptotic Giant Branch (AGB) stars (e.g., Aoki et al. 2007 ). The CEMP stars that are observed at present are likely to have been polluted by the transfer of carbon-enhanced material from a (former) AGB companion across a binary system, while the AGB star itself has now evolved to an unseen white dwarf (e.g., Lucatello et al. 2005) . Thus, the abundance patterns of heavy elements in these stars provide useful constraints on models for s-process nucleosynthesis in AGB stars. On the order of 20% of CEMP stars exhibit no significant enhancement of their neutron-capture elements (the CEMP-no stars, according to Beers & Christlieb 2005) , suggesting the existence of other possible origins for their carbon excesses (e.g., Norris et al. 1997b; Aoki et al. 2002a) . Aoki et al. (2007) have shown that the CEMP-no stars generally occur at very low [Fe/H] ; extreme examples of this class of stars include HE 0107-5240 and HE 1327-2326, two hyper metalpoor (HMP) stars with [Fe/H] below −5.0 (Christlieb et al. 2002; Frebel et al. 2005) and having very large carbon excesses ([C/Fe] ∼ +4), as well as the recently identified ultra metal-poor (UMP; [Fe/H] = −4.8) star HE 0557-4840, with [C/Fe] = +1.6 ).
Among the CEMP stars for which chemical compositions have been obtained from highresolution spectroscopy, main-sequence turn-off stars are expected to be of particular importance. In the case of mass transfer in binary systems, the accreted material from the primary AGB star has been mixed at least by the first dredge-up in red giants, while turn-off stars might preserve pure material accreted from the primary at their surfaces. In such cases, one can investigate the efficiency of the production of carbon and neutron-capture elements in AGB stars from abundance measurements of the secondary star. Another interesting view arises from the suggested influence of so-called thermohaline mixing (Charbonnel & Zahn 2007; Stancliffe et al. 2007; Denissenkov & Pinsonneault 2007) , which provides the possibility of mixing the accreted surface material while the observed star is still on the main-sequence or only slightly evolved, prior to first dredge-up. In this scenario, the contrast of the observed surface abundances of CEMP turn-off stars with more evolved CEMP stars also provides valuable clues to the nature of this proposed extensive mixing process.
Very large new samples of CEMP stars have recently become available, discovered during the course of the Sloan Digital Sky Survey (SDSS; York et al. 2000; Adelman-McCarthy et al. 2007 ). Although originally designed as an extragalactic survey, SDSS has also discovered large numbers of VMP stars . Although some of the CEMP stars are the result of directed studies (Margon et al. 2002; Downes et al. 2004 ), many of them have appeared among the calibration objects used by SDSS to obtain spectrophotometric and telluric corrections for other spectroscopic data. These calibration stars are primarily brighter, metal-poor main-sequence turn-off F-and Gtype stars. The ongoing extension to SDSS, SDSS-II (which includes the program SEGUE: Sloan Extension for Galactic Understanding and Exploration), is expected to provide tens of thousands of additional VMP stars, at least several thousand of which are expected to be CEMP stars. This paper reports the first application of abundance measurements obtained with high-resolution spectroscopy for CEMP star candidates found by the SDSS/SEGUE surveys.
In §2 we discuss the identification of our sample stars and the observations that were carried out. A description of our analysis techniques and results is provided in §3. In §4 we present a discussion of our findings. The interesting kinematics of the SDSS/SEGUE CEMP turn-off stars are discussed in §5. We conclude with a few remarks in §6.
Sample Selection and Observations
The Sloan Digital Sky Survey uses a CCD camera (Gunn et al. 1998 ) on a dedicated 2.5m telescope (Gunn et al. 2006) at Apache Point Observatory, New Mexico, to obtain images in five broad optical bands (ugriz; Fukugita et al. 1996) over approximately 10,000 deg 2 of the high Galactic latitude sky. The survey data-processing software measures the properties of each detected object in the imaging data in all five bands, and determines and applies both astrometric and photometric calibrations (Pier et al. 2003; Lupton et al. 2001; Ivezić et al. 2004 ). Photometric calibration is provided by simultaneous observations with a 20-inch telescope at the same site (Hogg et al. 2001; Smith et al. 2002; Stoughton et al. 2002; Tucker et al. 2006 ).
Sample selection and photometry data
During the development of pipeline software for the determination of atmospheric parameters (T eff , log g, [Fe/H]) for stars with available photometry and spectroscopy from SDSS and SEGUE (the SEGUE Stellar Parameter Pipeline; SSPP, see Lee et al. 2007a,b) , it was noticed that a rather large number of stars were present in the SDSS/SEGUE database with clearly enhanced CH Gband strengths, and which were likely to be CEMP stars. A list of over 1000 candidate CEMP stars was assembled, drawing in particular on the calibration stars used by SDSS. The sample formed the basis for a detailed investigation of the frequency of CEMP stars in the SDSS database (see Marsteller et al. 2006; Marsteller 2007) .
A handful of the brighter examples of the CEMP turn-off stars were identified for carrying out a pilot study of their high-resolution spectroscopic abundances, reported on herein. The imaging procedures used during the course of SDSS are tuned for extragalactic observations. As a result, there exists a bright limit corresponding to g ∼ 14.5. Thus, the stars available for our study are somewhat faint for high-resolution abundance analyses, even with 8 m-class telescopes.
The targets for the present observing program are listed in Table 1 . Figures 1 and 2 show the medium-resolution (R = λ/δλ ∼ 2000) SDSS spectra of the targets. In addition to our primary objects, we selected two well-known CEMP turn-off stars, LP 706-7 (Norris et al. 1997a ) and CS 29526-110 (Aoki et al. 2002c) , as comparison stars.
The effective temperatures are primarily estimated from adopted (V − K) 0 colors (see § 3). The photometric data and reddening corrections used in this work are listed in Table 2 . For the SDSS/SEGUE stars the optical photometry information (B and V ) are obtained from the SDSS photometric system, employing the following empirical transformations, obtained by comparison with existing photometry for HK survey stars and subsequently observed by SDSS (Zhao & Newberg 2006) :
The photometric data for the comparison stars are taken from Beers et al. (2007) . The K pho-tometry is obtained from the 2MASS catalogue (Skrutskie et al. 2006) . The interstellar reddening is estimated from the dust map of Schlegel et al. (1998) ; the extinction in the V and K bands is obtained from the reddening relation provided in their Table 6 .
High-resolution spectroscopy
High-resolution spectroscopy was obtained with the Subaru Telescope High Dispersion Spectrograph (HDS; Noguchi et al. 2002 ) in September 2006 and February 2007 . Our spectra cover the wavelength range from 4050 to 6800Å, with a gap between 5350 and 5450Å due to the separation between the two detectors. A two-by-two pixel on-chip binning procedure was applied. The resolving power of the spectra obtained in 2006 is R = 60, 000 (using a slit width of 0.6 ′′ ), while that obtained during the 2007 run is somewhat lower (R = 45, 000) because a wider slit width (0.9 ′′ ) was applied in order to collect sufficient photons under relatively poor seeing conditions. The total exposure times are listed in the third column of Table 1 . It was immediately obvious, during the course of the observing run, that SDSS 1707+58 exhibited a rapid variation in its radial velocity. The exposure times for individual exposures for this object are listed separately in Table 3 . The total exposure time for this object in Table 1 is the value for the spectrum used in the abundance analysis (see § 3).
Data reduction was carried out using standard procedures within IRAF 2 . Cosmic-ray hits were removed using the procedure described by Aoki et al. (2005) . The wavelength scale was determined using Th-Ar arc spectra obtained during the observing nights. Examples of the spectra around 5170Å are shown in Figure 3 . The photon counts per pixel (0.031Å) collected at 5100Å in the final spectra are listed in Table 1 .
Equivalent widths
The equivalent widths of atomic lines are measured by fitting Gaussian profiles to (apparently) isolated absorption features. The list of atomic lines was made using those of our recent studies for CEMP stars ; the values are given in Table 4 .
Equivalent widths of the interstellar Na I D1 line (λ5990) are measured from a direct integration of the absorption features. The values are given in the last line of Table 4 . We estimated E(B − V ) from the Na I absorption by applying the correlation found by Munari & Zwitter (1997) . The values are given in Table 2 . The agreement between the two estimates of E(B − V ) is good in general. An exception is SDSS 0126+06, for which a significantly larger E(B − V ) is obtained from the Na I line than from the dust map of Schlegel et al. (1998) . This is discussed in §3.6.
Radial velocities
Radial velocities for our program stars are measured from the wavelengths of clean Fe lines; results are given in Table 1 . The random errors of the measurements are estimated from σ v N −1/2 , where σ v is the standard deviation of the values from individual lines and N is the number of lines used for the measurement. Note that the reported error for the SDSS 0817+26 value is substantially larger than for the rest of our targets, because of the low S/N ratio of the spectrum and the small number of Fe lines used (5 lines). Figure 4 shows the radial velocities of LP 706-7 and CS 29526-110 obtained by the present work, along with additional measurements obtained during recent service observing runs with the Subaru Telescope. For LP 706-7, the results of Norris et al. (1997a) are also shown. A clear variation of radial velocity is found for CS 29526-110, indicating that this object belongs to a binary system, although the orbital period is still unclear. On the other hand, no evidence of variability is obtained for LP 706-7, as has been discussed by Norris et al. (1997a) , even though we have now obtained data extending over a range of some 6000 days.
It was immediately noticed during the first observing night of 2007 that significant variations existed in the observed Doppler shift of SDSS 1707+58. Figure 5 shows the spectra of this object before any shifts have been obtained prior to co-addition for later analysis. No velocity variation is found for the Na I D emission lines associated with the Earth's atmosphere at 5989.9 and 5995.9Å, nor for the interstellar absorption feature due to Na, found about 0.5Å blueward of these emission lines, indicating that the wavelength calibration was correctly carried out over all exposures. In contrast, absorption due to the stellar Na I features quickly shifted in the spectra obtained in the first observing night (the upper three spectra in the Figure) , while no significant variation is found for those obtained during the second night. We note that the exposure times applied to the first and second observing nights are 40 and 20 minutes, respectively. The shift in the first night is about 18 km s −1 per 40 minutes. Hence, the broad absorption features of the first three spectra are almost certainly due to a radial velocity shift during the exposures rather than stellar rotation or macro-turbulence.
The radial velocities and line widths measured for each spectrum of SDSS 1707+58 are listed in Table 3 . The measurements are made for strong Na I, Mg I, and Ba I lines, because measurements from the Fe I lines for individual exposures were quite uncertain. During the course of this procedure, it was decided to exclude the third spectrum obtained during the second night because of significant contamination from the twilight sky. The UT and JD (heliocentric Julian day) of the central time of each exposure is listed in the Table. A spectrum of this object, suitable for carrying out the abundance analysis described below, is obtained by combining individual spectra obtained during the first night, after applying the appropriate Doppler corrections.
Radial velocities are also measured from the SDSS spectra, as listed in Table 5 . The radial velocities of SDSS 0036-10, SDSS 0126+06, and SDSS 0924+40 agree with the results from the Subaru spectra within the measurement errors. The radial velocity of SDSS 2047+00 on JD = 2,452,932 is significantly higher than the other three measurements, suggesting a radial velocity variation and binarity of this object. We note that this object shows large over-abundances of carbon and neutron-capture elements ( §3) that are expected from mass transfer in a binary system. The radial velocity of SDSS 1707+58 from the SDSS spectrum is within the variation found in the Subaru spectra given in Table 3 . Finally, the radial velocity of SDSS 0817+26 from the SDSS spectrum, 45.8 ±3.5 km sec −1 , is much higher than the value obtained from the HDS spectrum. However, the measurement is only once for each instrument, so further measurement is required to derive any firm conclusions on the binarity of this object.
Chemical Abundance Analysis and Results

Stellar parameters
We determine the effective temperatures from the (V −K) 0 colors using the scale of Alonso, Arribas, & Martíne (1996) ; these are listed in Table 2 as T eff (V −K). The (V −K) 0 values of CS 29526-110, SDSS 0036-10, SDSS 2047+00, SDSS 0126+06 and SDSS 1707+58 are slightly lower than the range for which the Alonso et al. scale (formula) is applicable (V − K < 1.1 for [Fe/H] < −1.5). For these objects, we directly estimate the effective temperature from Figure 8 of Alonso, Arribas, & Martínez-Roger (1996) , in which the correlation between V − K and effective temperatures for their calibration stars is shown.
The effective temperatures obtained from the (B − V ) 0 colors using the Alonso et al. scale are also listed in Table 2 . For CEMP stars, this color is sometimes severely affected by the presence of molecular absorption, and it is not preferable for temperature estimates. However, the molecular features of warm CEMP stars studied here are not as significant as those for cooler stars, and would be expected to have less of an affect on the observed colors. Moreover, the errors in the K-band photometry for some of the fainter objects in our sample are large (see below), and the V −K colors are relatively sensitive to the reddening correction. Hence, the effective temperatures obtained from the (B − V ) 0 colors are useful for comparison purposes. The T eff (B − V ) of SDSS 0036-10 and SDSS 1707+58 agree well with their T eff (V − K) determinations. The T eff (B − V ) of the two coolest stars in our sample, LP 706-7 and SDSS 0924+40, are lower than their T eff (V − K), perhaps as the result of their relatively strong CH molecular bands affecting the B-band measurement. A similar discrepancy between the two T eff estimates is found for SDSS 0817+26, even though this object exhibits no or perhaps only a modest ([C/Fe]∼ +1) carbon overabundance. However, the error in the K photometry for this star is relatively large, which might explain the discrepancy.
The T eff (V −K) of SDSS 2047+00 is quite high (6800 K) for a VMP turn-off star. However, the error of the K photometry (0.12 magnitudes) and the reddening correction for this star (E(B−V ) = 0.088) are the largest among our sample. Moreover, the T eff (B − V ) is about 200 K lower than the T eff (V − K). For this object we adopt T eff = 6600 K, which is slightly lower than the estimate from the V − K color.
The T eff of CS 29526-110 is also quite high (6800 K). However, the reported error of the K photometry for this object is 0.03 magnitudes, and the reddening correction adopted (0.033 magnitudes) is not large. For this object, the R and I photometry data are also available ). The T eff from V − R and V − I estimated using the figures of Alonso, Arribas, & Martínez-Roger (1996) are 6700-6800 K, while the T eff (B − V ) is 6500 K. We adopt the T eff from (V − K) 0 with no modification for this object.
We now estimate the uncertainty in the adopted T eff for our program stars, taking the error in the (V − K) 0 colors and the error in the scale of Alonso, Arribas, & Martínez-Roger (1996) into consideration. The error of the K photometry is the dominant source of the uncertainty in the (V − K) 0 values for most objects. The sensitivity of T eff to the color is approximately 150 K per 0.1 magnitude in V − K. We adopt 100 K as the errors arising from the temperature scale for stars with (V − K) 0 ≥ 1.1, for which Alonso et al.'s formula is applicable, and 150 K for other objects, respectively. The uncertainties are 100-150 K for relatively cool or bright objects (SDSS 0817+26, SDSS 0924+40, LP 706-7, and CS 29526-110), and 150-200 K for others. The adopted errors of T eff in this study are listed in Table 6 .
The surface gravity, metallicity, and micro-turbulence for our program stars are determined from an analysis of the Fe I and Fe II lines, using the model atmospheres of Kurucz (1993) . The micro-turbulence (v turb ) and gravity (log g) are determined so that the derived Fe abundance is not dependent on the strengths of Fe I lines, nor on the ionization stages, respectively. An exception is SDSS 0817+26, for which the number of useful Fe I lines is too small to estimate the microturbulence, and no Fe II line is available to estimate the gravity. We adopted typical values (log g = 4.0 and v micro = 1.5 km s −1 ) found for turn-off stars 3 . We note that this object is excluded in the discussion of CEMP stars because its carbon abundance is not determined by our analysis of the HDS spectrum (see below); we only obtain a weak upper limit for [C/Fe] . The number of Fe I lines used in the analysis of SDSS 1707+58 is also quite small, due to the rapid changes of the radial velocity (see below). For this object, v micro =1.5 km s −1 is also adopted. For SDSS 0126+06, a correlation between the Fe I line strengths and the derived Fe abundances is found even if v micro > 2.0 km s −1 is assumed. Since such a high value of v micro is not known in turn-off stars, we adopt v micro = 2.0 km s −1 for this object. Larger errors in the gravity (σ[log g]) and the micro-turbulence (σ[v micro ]) are adopted for these objects. The atmospheric parameters adopted in the following abundance analyses and their corresponding errors are listed in Table 6 . Figure 6 shows the estimated effective temperatures and surface gravities for our sample (filled circles) along with other CEMP stars studied in previous work (open circles; see below). The lines are the isochrones by Kim et al. (2002) for [Fe/H]= −2.5 and assumed ages of 10, 12, and 14 Gyrs. Inspection of this Figure shows that our objects fall around the turn-off region for old metal-poor stars, although it is difficult to distinguish whether they are main-sequence stars or subgiants. We note that if we adopt a higher effective temperature (6800 K from V − K) for SDSS 2047+00, the surface gravity also becomes quite high (log g=4.9), far above the expected value based on isochrones of VMP turn-off stars.
Carbon abundance
The carbon abundance estimates for our program stars are determined from spectrum synthesis of the CH 4323Å band, as previously described by Aoki et al. (2007) . The sources of molecular data are reported by Aoki et al. (2002c) . The oxygen abundance of [O/Fe]=+0.5 is assumed in the analysis. We confirmed that the effect of assumed oxygen abundance on the derived carbon abundances is negligible for the range 0<[O/Fe]< +2 for a star with T eff > 6000 K, in which the fraction of carbon bound in the CO molecule is very small.
No signature of the CH band is detected in the HDS spectrum of SDSS 0817+26, so only an upper limit is determined (note that in the medium-resolution SDSS spectrum, there is sufficient strength in this band, and others, to obtain a detection, [C/Fe]= +1.2; see §3.6). The determination of carbon abundance for SDSS 1707+58, based on the high-resolution spectrum alone, is very uncertain because of the relatively low S/N ratio of the spectrum. The full set of results is listed in Table 7 .
Carbon abundances are also measured from the C 2 Swan band at 5165Å for LP 706-7, SDSS 0036-10, and SDSS 0924+40. The result for SDSS 0924+40 agrees well with that obtained from the CH band, while the carbon abundances of LP 706-7 and SDSS 0036-10 from the C 2 band are slightly (0.1-0.2 dex) higher than those from the CH band, as was also found for the CEMP subgiant LP 625-44 by Aoki et al. (2002b) . Although there may exist a small systematic error in the determination of carbon abundances from the C 2 band and/or from the CH band, the measurements from the C 2 band confirm the reliability of carbon abundance determination from the other molecular band.
Abundances of other elements
The abundances for most of the other elements are determined by a standard analysis based on measured equivalent widths. The effects of hyperfine splitting and isotope shifts are included in the analysis, using McWilliam (1998) for Ba, Lawler et al. (2001) for La, and Simons et al. (1989) for Pb. Solar isotope ratios are assumed for Pb. For Ba, we first measured the abundances neglecting the effect of hyperfine splitting, and then applied the isotope ratios of the r-process component in Solar System material for the two stars having [Ba/Fe] < 1 (SDSS 0036-10 and SDSS 0817+26), and s-process ratios for the stars that exhibit Ba excesses, as was done previously by Aoki et al. (2007) .
While Sr and Ba abundances are measured for all objects in our sample, other neutron-capture elements are detected in only a few stars. The abundances of Pb, which is a key element for investigation of neutron-capture nucleosynthesis, are measured for LP 706-7, CS 29526-110, SDSS 0126+06 and SDSS 0924+40, while an upper limit is estimated for other stars. The upper limit on the Pb abundance is calculated based on the 3σ error of the equivalent-width measurement, estimated by σ W = (λn
, where R is the resolving power and n pix is the number of pixels for which equivalent width measurements are carried out (Norris et al. 2001) . The results are listed in Table 7 .
Six of our program stars exhibit large Ba over-abundances. In particular, the over-abundance found for SDSS 1707+58 is quite striking ([Ba/Fe] = +3.4). This star also exhibits a large excess of Sr ([Sr/Fe] = +2.25). Although the carbon abundance estimated from the CH band for this object is very uncertain, we include this object in our discussion of CEMP stars as an example of a star that is likely affected by AGB nucleosynthesis (see §4).
Uncertainties
Random errors in our analysis, which include the uncertainty of the equivalent-width measurements and in the adopted transition probabilities, are estimated to be σN −1/2 , where σ is the standard deviation of derived abundances from individual lines and N is the number of lines used in the analysis. When the number of lines are smaller than four, the σ of Fe I (σ Fe ) is adopted in the estimates. Typical random errors are 0.05-0.15 dex, depending on the number of lines used in the analysis.
We also estimate the error due to the uncertainty in equivalent-width measurements for the Fe I lines of SDSS 0036-10. A typical error in equivalent width (σ W ) is estimated from the above formula. The typical value for the Fe I lines of SDSS 0036-10 is obtained to be 3 mÅ, assuming λ = 5000Å and S/N = 70. We added this value to the measured equivalent widths and calculated the Fe abundance using the same model atmosphere as used in the analysis. The derived iron abundance is 0.10 dex higher than the original result. This value is comparable with the σ Fe of 0.12 dex obtained for SDSS 0036-10. This result confirms that the random errors of the abundance measurements are primarily due to the uncertainties in the equivalent width measurements reflecting the quality of the spectrum, although the σ Fe also includes the errors in the continuum placement and uncertainties of gf values.
The errors due to the uncertainty of the atmospheric parameters are estimated for LP 706-7 and CS 29526-110. Table 8 lists the sensitivity of the derived abundances (log ǫ values) to the changes of parameters. For other objects in our program, the uncertainties are estimated by applying the data for the star of this pair with the closest atmospheric parameters to the object under consideration. Total uncertainties are obtained by adding these values, in quadrature, to the random errors, and are listed in Table 7 .
The chemical abundances of LP 706-7 are also determined using the updated (NEWODF) ATLAS grid (Castelli & Kurucz 2003) , and the differences from those based on the Kurucz (1993) model are given in Table 8 (∆ ATLAS ). The abundances using the NEWODF model are lower by 0.05-0.14 dex. The effect of the difference of model atmospheres on the derived abundances is systematic, and that on the abundance ratios is not significant. We also applied the model including the excesses of α elements, and confirmed the effect on the derived abundances is smaller than 0.01 dex.
Further systematic errors could exist in our LTE analysis based on one-dimensional (1D) model atmospheres. The non-LTE correction for Fe abundances derived from the Fe I lines might be the order of +0.2 dex (Collet et al. 2005; Asplund 2005a , and references therein), although the values estimated are different between authors. The direction of the correction for the 3D effect is opposite (Asplund 2005a ). The most significant 3D effect would appear in the carbon abundances determined from CH molecular features, that could reach to −0.7 dex in the most metal-poor cases (Collet et al. 2006) . In order to obtain the corrections for these effect, 3D analyses based on non-LTE calculation are required.
Comparison with previous studies
The elemental abundances of LP 706-7 (= CS 31062-012) and CS 29526-110 were studied by Aoki et al. (2002b) and Aoki et al. (2002c) . The atmospheric parameters adopted by them for LP 706-7 are T eff = 6250 K, log g = 4.5, [Fe/H] = −2.55, and v micro = 1.5 km s −1 , which are quite similar to those in the present study. Although the previous studies are based on a spectrum covering only a blue range of wavelengths, and the spectral line set used in the previous analyses is different from that in the present study, the derived abundances of most elements agree within 0.1 dex. The Cr abundance shows the largest discrepancy, on the order of 0.17 dex, which is still within the 2 σ range of the measurement errors.
The effective temperature of CS 29526-110 adopted by Aoki et al. (2002c) is 300 K lower than that of the present analysis. The discrepancy of [Fe/H] between the two measurements (0.32 dex) is well explained by the difference in the adopted effective temperatures. The [C/Fe] values, after correction for the difference in effective temperatures, also agree within the measurement errors. The abundance ratios of other elements ([X/Fe]) are relatively insensitive to the effective temperature (see Table 8 ). It is clear that the results for Cr and Ni from the two studies exhibit significant discrepancies. However, the measurements for these elements are based on only one line for each; the results might not be expected to be as reliable as those for other elements. The [Ba/Fe] derived from the present work is 0.28 dex higher than that of Aoki et al. (2002c) . This result is not explained by the differences of adopted atmospheric parameters. While the previous measurement is based on only the two very strong resonance lines, our present analysis added two red lines which are suitable for abundance determination, so the new measurement should be more reliable than the previous one. Table 9 provides a comparison of the atmospheric parameters and carbon abundances between the estimates obtained from the SDSS spectra and the present measurements.
Comparison with the estimates from SDSS/SEGUE spectra
For the SDSS spectra, we begin by adopting the stellar parameters obtained by the SSPP (Lee et al. 2007a,b) . Based on these, we generate synthetic spectra for each star in the region between 4200-4400Å. The model atmospheres used are the NEWODF models of Castelli & Kurucz (2003) . The synthetic spectra are generated using the turbospectrum synthesis code (Alvarez & Plez 1998) , which employs line broadening according to the prescription of Barklem & O'Mara (1998) and Barklem & Aspelund-Johansson (2005) . The atomic line data are taken mainly from the VALD compilation (as of 2002) (Kupka et al. 1999) , and updated from the literature, whenever possible. The molecular species CH and CN are provided by B. Plez (Plez & Cohen 2005) . We adopted the solar abundances by Asplund, Grevesse & Sauval (2005a) . The synthetic spectra are generated with a initial resolving power R = 10 6 , then were smoothed to the SDSS resolution and rebinned to 1Å pixels.
We find the best match to the region around the G band (4323Å and 4325Å) by changing the carbon abundance of the synthetic spectra in order to minimize the discrepancy with the observed spectra. We estimate that the errors in the derived [C/Fe] arising from errors in the stellar parameters from the SSPP is on the order of 0.35 dex.
The effective temperatures derived from the SDSS spectra agree with the values adopted by the present work, based on colors, to within about 100 K. An exception is that for SDSS 0126+06, for which the SDSS estimate is 370 K higher than the value adopted in the above analysis. For this object, larger interstellar reddening is derived from the Na I absorption than from the dust map that is adopted in the analysis ( § 2.3). If the E(B − V ) from the Na I measurement is adopted, the T eff is as high as 7000 K, and agrees with the estimate from the SDSS spectrum.
In contrast to the agreement of effective temperatures, log g values estimated from SDSS spectra are systematically lower than those determined by our analyses from Subaru spectra. Although the results for SDSS 0126+06 from the two estimates appear to agree well, a similar discrepancy would result if the same effective temperature is adopted in the estimate of gravity. Although further study or calibration to resolve the discrepancy is desired, it should be noted that the log g values from SDSS spectra are already useful to estimate the evolutionary status of the targets (i.e., in order to distinguish giants and main-sequence turn-off stars).
The abundance ratios [Fe/H] and [C/Fe] from the two measurements agree fairly well, as found in Table 9 . The discrepancy in [Fe/H] for SDSS 0126+06 (0.4 dex) is well explained by the difference in the estimated T eff . No CH absorption feature is detected in the Subaru spectrum of SDSS 0817+26. A very weak CH band is found in the SDSS spectrum of this object (see Figure  2) , and we have derived [C/Fe] = +1.19 ±0.35, based on its strength. Marsteller (2007) estimated that the detection limit of the CH feature in SDSS spectra can be as high as [C/H]∼ −1 for stars with T eff ∼ 6300 K. Thus, SDSS 0817+26 could also be mis-identified as a carbon-enhanced object in our sample selection, which was carried out before detailed investigations for SDSS sample were made. Further calibrations, or strict estimates for the detection limits of CH absorption in SDSS spectra as a function of T eff , are desired for more efficiently selecting carbon-enhanced objects from SDSS/SEGUE spectra.
Discussion
Elemental abundances of CEMP turn-off stars
The present analysis has obtained elemental abundances for five new CEMP stars selected from the SDSS/SEGUE surveys, as well as for two known CEMP stars. The remaining program star in our sample (SDSS 0817+26) is excluded from the following discussion, because no clear excess of carbon nor neutron-capture elements has been found in the high-resolution spectrum. All seven CEMP stars are classified as main-sequence turn-off stars, with T eff > 6000 K. In order to better investigate the nature of such stars, we have compiled all known CEMP stars from the literature having T eff higher than 6000 K (Table 10) . In this section, we discuss the abundance distributions of carbon and the neutron-capture elements for these CEMP turn-off stars. The lower portion of the [C/H] distribution might be affected by a temperature-related selection bias for CEMP stars identified on the basis of the CH molecular bands, which is significantly weaker in turn-off stars than in giants. Our previous investigation for the detection limit showed that the CH band of a turn-off star with T eff ∼ 6400 K and [C/H]∼ −1.6 has depths of 2%, which is a conservative detection limit in high-resolution spectra. For the carbon-enhanced stars selected from the lower-resolution spectra, such as the SDSS/SEGUE sample, Marsteller (2007) estimated that the selection of CEMP stars from the CH band is complete for stars having [C/H] = −1 and = −0.3 for stars with T eff = 6000 and 6500 K, respectively. Hence, in order to investigate the complete distribution of [C/H] for turn-off stars, abundance studies of candidate metal-poor stars that are selected regardless of their CH band strengths in medium-resolution spectra are required. Note, however, that the sample of CEMP turn-off stars in Table 10 includes stars with T eff as low as 6000 K, and that several stars were observed on programs that did not focus on carbon-enhanced stars (e.g. Cohen et al. 2004 ). The absence of stars with −1 < [C/H] < −0.5 in the sample of CEMP turn-off stars suggests that such stars are rare compared with CEMP stars with higher [C/H] values. We note that we cannot derive any conclusion for the lower [C/H] range ([C/H]< −1.0). There may well exist a number of CEMP turn-off stars that have not yet been identified by the surveys to date. This range is particularly important for studies of the Ba-normal CEMP stars, as discussed by Aoki et al. (2007) . Aoki et al. (2007) showed that the [C/H] distribution for 54 CEMP stars with Ba excesses, including turn-off stars, subgiants, and giants, exhibits a peak in the range −0.5 < [C/H] < 0.0, and a cut-off at [C/H] ∼ 0. This was interpreted as an indication that (1) the [C/H] ratios produced by AGB stars are almost constant at [C/H] ∼ 0, independent of metallicity, and (2) the carbonenhanced material transferred from AGB stars to the companion is directly observed, or is only slightly diluted through the evolution from turn-off stars to giants. In this study we confirmed the absence of objects having [C/H] >> 0, found that the average of the [C/H] values for CEMP turn-off stars is higher than that of giants, and that their dispersion is smaller. This result supports the interpretation of Aoki et al. (2007) . Stancliffe et al. (2007) investigated the process of thermohaline mixing in main-sequence stars that received carbon-enhanced material from a companion AGB star across a binary system. They predicted that the accreted material quickly mixes throughout 90% of the star, and that the enhanced carbon is diluted in main-sequence stars as a result. The C abundance is predicted to change only slightly after the receiving star evolves through first dredge-up. This is not supported by the comparison of [C/H] distributions in Figure 8 , although the possible bias in the sample selection could slightly affect the comparison. Our present observational result suggests that the [C/H] ratios measured for turn-off stars represents the values produced by the donor AGB stars, and the surface carbon abundance decreases in some CEMP stars during their evolution after the first dredge-up 4 . It should be noted that the [C/H] values found in CEMP turn-off stars (i.e. [C/H]∼ 0) agree well with predictions from AGB models (e.g. van den Hoek & Groenewegen 1997), as discussed by Aoki et al. (2007) . This agreement supports the above interpretation.
Distribution of C and Ba abundances
The carbon excesses of CS 29528-041 and CS 30322-023 are exceptionally small among the sample of CEMP turn-off stars and giant stars, respectively 5 . It is noteworthy that these two stars both exhibit very large excesses of nitrogen -the [N/Fe] of CS 29528-041 is +3.0 and that of CS 30322-023 is +2.8 (Masseron et al. 2006) . Their [(C+N)/H] values are −0.9 and −1.3, respectively, which are not by far lower than those of other stars, although the nitrogen abundances are not determined for several stars including our SDSS sample. CS 30322-023 is a highly evolved giant, and possibly presently in the AGB stage (according to Masseron et al.) ; its surface composition could have been altered significantly during its evolution. The observed nitrogen excess of CS 29528-041 should instead be a direct result of the nucleosynthesis in a donor AGB star. As discussed by Sivarani et al. (2006) , CS 29528-041 might have been polluted by an intermediate-mass AGB star in which nitrogen is enriched by the hot bottom burning process. The abundance ratios currently observed are those of the material transferred from the donor AGB stars, which would be dependent on the evolutionary phase in which the mass transfer occurred. The abundances of carbon and Ba are expected to increase with increasing the number of thermal pulses. Detailed comparisons with model predictions for surface abundances after each thermal pulse would be required. In such comparisons, a strong constraint is the almost constant C/H ratios found in most CEMP turn-off stars. predicted in their models.
Neutron-capture elements
5 After this paper is submitted, an analysis result for the double-lined spectroscopic binary CS 22964-161 was reported by Thompson et al. (2007) Here, the three elements Sr, Ba, and Pb are regarded as representing the yields at the three abundance peaks of the s-process, corresponding to the neutron magic numbers 50, 82, and 126. The [Sr/Ba] ratios are distributed over a narrow range (a standard deviation of 0.34 dex) around [Sr/Ba] ∼ −1.3. However, they also exhibit a statistically significant anti-correlation with [Ba/H] -the null hypothesis that no correlation exists between [Sr/Ba] and [Ba/H] is rejected by a simple t-test at the 98% confidence level. That is, the production efficiency of the heavy neutron-capture elements, with respect to the light ones, apparently increases slightly with the total production efficiency of neutron-capture elements. It should be noted that the [Sr/Ba] ratios in these stars are lower than the prediction from models of the s-process in AGB stars by Busso et al. (2001) : the [ls/hs](= −[hs/ls]) values of their calculations, where ls and hs mean the elements in the first and second abundance peaks of the s-process, range between 0 to −1, depending on stellar mass and choice of 13 C pocket, for the metallicity range of [Fe/H]< −2. The observations suggest more efficient production of Ba (hs), or less efficient production of Sr (ls), than model predictions.
A similar correlation was found from the abundance measurements for carbon-rich post-AGB stars by Reyniers et al. (2004) . They reported a positive correlation between the enhancement of s-process elements ([s/Fe], which is the mean of the abundance ratios of several s-process elements) and the abundance ratios of heavy to light neutron-capture elements ([hs/ls]). We note that the efficiency of the neutron-capture nucleosynthesis is represented by Busso et al. (1999) , as has been argued by previous studies (e.g. Cui & Zhang 2006) . Further studies of Pb abundances, as well as modeling of the s-process to explain the discrepancy between the observations and predictions, are clearly required in order to better understand the overall neutron-capture nucleosynthesis process in AGB stars.
SDSS 1707+58: an object belonging to a close binary?
As discussed in § 2, SDSS 1707+58 exhibited a rapid variation of radial velocities on February 10, 2007, suggesting that this object belongs to a close binary system. However, it is interesting that no clear variation was found in the February 11 spectra, where the radial velocity is close to the middle of the three spectra obtained on February 10. This result could well imply a large eccentricity of the binary system, although the radial velocity measurements are still too sparse to confidently derive orbital parameters. Further radial velocity monitoring of this object is clearly desirable.
The observed excesses of neutron-capture elements in this object are very large (e.g., [Ba/Fe] = +3.4). Indeed, the [Ba/H] value of this object is the highest among the CEMP stars shown in Figure 9 . The [Sr/Ba] ratio ([Sr/Ba] = −1.15) is a typical value found for Ba-enhanced CEMP stars (Figure 10) , as compared to that of r-process-enhanced stars ([Sr/Ba]∼ −0.4; e.g. Sneden et al. 2003) , suggesting that the neutron-capture elements of this star originated from operation of the s-process in an AGB donor star. Lucatello et al. (2003) studied the CEMP turn-off star HE 0024-2523 ([Fe/H]= −2.7), which they showed to be a short-period spectroscopic binary. This star has a orbital period of 3.4 days, with a very small eccentricity (0.01). Sivarani et al. (2006) also reported a candidate CEMP turnoff close binary, CS 22958-042, for which a significant radial velocity change was found based on two exposures taken during a single observing run. SDSS 1707+58 is possibly another example of CEMP stars belonging to close binary systems. Lucatello et al. (2003) proposed that HE 0024-2523 underwent a past common-envelope phase with its companion that has become an AGB star. A similar past history may be applicable to SDSS 1707+58.
The stellar parameters of SDSS 1707+58 (T eff = 6700 K and log g = 4.2) are almost the same as those of HE 0024-2523 (T eff = 6625 K and log g = 4.3). On the other hand, the abundance ratios of the neutron-capture elements are different between these two stars -while HE 0024-2523 exhibits a very large excess of Pb ([Pb/Fe] = +3.3) and moderate over-abundances of Ba ([Ba/Fe] = +1.46), SDSS 1707+58 has a very large overabundance of Ba ([Ba/Fe] = +3.40). Our derived upper limit on the Pb abundance ratio of SDSS 1707+58 is still quite high ([Pb/Fe] < +3.7), so it does not constrain this comparison at present. We note that the possible close binary CS 22958-042 exhibits no excess of neutron-capture elements, but shows a large over-abundance of Na, as found also for SDSS 1707+58. Thus, large variations of chemical abundances are found even in these three (candidate) close binary systems. Further abundance measurements, as well as radial velocity monitoring, for SDSS 1707+58 are clearly desired to understand the evolution of such binary systems. Table 11 provides kinematic data for our SDSS targets. Distances (expected to be accurate to on the order of 10-15%) for these stars are estimated using the methods described by Beers et al. (2000) , under the assumption that they are main-sequence stars, as suggested by the surface gravities determined in this study. Proper motions are obtained based on the re-calibrated USNO-B2 catalog, as described by Munn et al. (2004) , and are expected to be accurate to on the order of 3 mas/year. The radial velocities are taken from our high-resolution estimates listed in Table 1 , with the exception of SDSS 1707+58, where we adopt the value measured from the SDSS spectrum. The space motions, errors in the space motions, and the other derived quantities listed in Table 11 are obtained following the procedures of Beers et al. (2000) .
Kinematics
All six of the SDSS CEMP stars exhibit a derived r max (maximum distance from the Galactic center achieved during the course of their orbits) in excess of 10 kpc from the Galactic center. Four of the stars exhibit Z max (maximum height above or below the Galactic plane achieved during the course of their orbits) values larger than 10 kpc, or significant retrograde motions, indicating that these stars may belong to the outer-halo population of our Galaxy, according to the criteria of Carollo et al. (2007) . This is also reminiscent of the apparent excess of CEMP stars with increasing distance from the plane reported by Frebel et al. (2006) . Although the sample size is too small to derive any firm conclusions, the fraction of outer-halo stars among the CEMP stars appears to be quite high compared with the fraction found for metal-poor stars ([Fe/H] < −2.2) studied by Carollo et al. (2007) . A comparison of the fraction of CEMP stars associated with the inner-and outer-halo populations, at a given metallicity, potentially constrains the initial mass function of early-generation stars, as discussed recently by Tumlinson (2007) and Komiya et al. (2007) , and is clearly of interest for additional study, in particular given the very large samples of CEMP stars identified in SDSS/SEGUE.
Concluding remarks
Chemical compositions of seven CEMP turn-off stars are determined. Six stars among them exhibit a large excess of Ba, signature of a contribution by the nucleosynthesis in an AGB star. The distribution of carbon abundances in these stars suggest that the surface of such stars preserves the material transferred from the AGB star that was the erstwhile primary star in a binary system. If this is the case, the relatively wide distribution of Ba abundances ([Ba/H]) indicates a diversity of the efficiency of the s-process in metal-poor AGB stars. Further studies to identify the physical mechanism that produces such diversity are clearly desired.
The present study is the first application of high-resolution spectroscopy to candidate CEMP stars from the SDSS and SEGUE sample. Comparisons of our results on stellar parameters and chemical abundances with the estimates from the SDSS spectra confirmed that the selection of metal-poor stars works well in general. The SDSS/SEGUE survey is providing a large sample of candidate metal-poor stars. High-resolution spectroscopy for such stars in the near future will reveal the chemical abundance trends in the lowest metallicity range, as well as be useful for exploring the possible dependence of their chemical properties on their derived kinematics.
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